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Acrolein is a representative carcinogenic aldehyde 
found ubiquitously in the environment and formed en¬ 
dogenously through oxidation reactions, such as lipid 
peroxidation and myeloperoxidase-catalyzed amino 
acid oxidation. It shows facile reactivity toward DNA to 
form an exocyclic DNA adduct. To verify the formation 
of acrolein-derived DNA adduct under oxidative stress 
in vivo, we raised a novel monoclonal antibody (mAb21) 
against the acrolein-modified DNA and found that the 
antibody most significantly recognized an acrolein- 
modified 2'-deoxyadenosine. On the basis of chemical 
and spectroscopic evidence, the major antigenic prod¬ 
uct of mAb21 was the l,JV 8 -propano-2'-deoxyadenosine 
adduct. The exposure of rat liver epithelial RL34 cells to 
acrolein resulted in a significant accumulation of the 
acrolein-2'-deoxyadenosine adduct in the nuclei. Forma¬ 
tion of this adduct under oxidative stress in vivo was 
immimohistochemically examined in rats exposed to 
ferric nitrilotriacetate, a carcinogenic iron chelate that 
specifically induces oxidative stress in the kidneys of 
rodents. It was observed that the acrolein-2'-deoxyade- 
nosine adduct was formed in the nuclei of the proximal 
tubular cells, the target cells of this carcinogenesis 
model. The same cells were stained with a monoclonal 
antibody 5F6 that recognizes an acrolein-lysine adduct, 
by which cytosolic accumulation of acrolein-modified 
proteins appeared. Similar results were also obtained 
from myeloperoxidase knockout mice exposed to the 
iron complex, suggesting that the myeloperoxidase-cat¬ 
alyzed oxidation system might not be essential for the 
generation of acrolein in this experimental animal car¬ 
cinogenesis model. The data obtained in this study sug¬ 
gest that the formation of a carcinogenic aldehyde 
through lipid peroxidation may be causally involved in 
the pathophysiological effects associated with oxidative 
stress. 


Lipid peroxidation leads to the formation of a broad array of 
different products with diverse and powerful biological activi¬ 
ties. Among them are a variety of different aldehydes (1). The 
primary products of lipid peroxidation, lipid hydroperoxides 
(2), can undergo carbon-carbon bond cleavage via alkoxyl rad¬ 
icals in the presence of transition metals, giving rise to the 
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formation of short chain, unestcriiied aldehydes (2, 3) or a 
second class of aldehydes still esterified to the parent lipid. 
These reactive aldehydic intermediates readily form covalent 
adducts with cellular macromolecules, including DNA, leading 
to disruption of important cellular functions and mutations. 
The important agents that give rise to the modification of DNA 
may be represented by a,j3-unsaturated aldehydic intermedi¬ 
ates, such as 2-alkenaIs and 4-hydroxy-2-alkenals (4, 5). 2-A1- 
kenals represent a group of highly reactive aldehydes contain¬ 
ing two electrophilic reaction centers. A partially positive car¬ 
bon 1 or 3 in such molecules can attack nucleophiles, such as 
protein and DNA, which leads to the formation of cyclic adducts 
or cross-links. Among all of the a,^-unsaturated aldehydes, 
acrolein is by far the strongest electrophile (4). Acrolein is 
widely found in the environment and is formed in cells via lipid 
peroxidation (6). Its high reactivity indeed makes this aldehyde 
a dangerous substance for the living cell. A number of reports 
have appeared describing the damaging effects of acrolein on 
the tracheal ciliatory movement (7) and the pulmonary wall (8). 
It has also been shown that acrolein reduces the colony-forming 
efficiency of mammalian cells, forms cyclic adducts with 
nucleosides in vitro, and is a potent mutagen (4). Moreover, 
acrolein was shown to initiate urinary bladder carcinogenesis 
in rate (9), 

We have studied the role of reactive aldehydes in the patho¬ 
physiological effects associated with oxidative stress. During 
the course of this study, we found that, upon reaction with 
protein, acrolein primarily reacted with lysine residues to form 
a jV £ -(3-formyl-3,4-dehydropiperidino)lysme (FDP-lysine) 1 ad¬ 
duct as the major product (6). In addition, using a monoclonal 
antibody (mAb5F6) against FDP-lysine, we demonstrated that 
the FDP-lysine adduct recognized by the antibody indeed con¬ 
stituted the atherosclerotic lesions, in which intense positivity 
was primarily associated with macrophage-derived foam cells 
(10), Based on these and the in vitro observations (6) that 
FDP-lysine was detected in the oxidatively modified low den¬ 
sity lipoprotein with Cu 2+ and that a metal-catalyzed oxidation 
of arachidonate was associated with the formation of acrolein, 
we proposed that polyunsaturated fatty acids might represent 
the potential sources of acrolein under oxidative stress. On the 
other hand, Anderson et al. (11) have also shown that acrolein 


1 The abbreviations used are: FDP-lysine, lV“-(3-formyl 3,4 dehy- 
dropiperidinojlysine; Fe 3+ -NTA, ferric nitrilotriacetate; MPO, my¬ 
eloperoxidase; BSA, bovine serum albumin; ELISA, enzyme-linked 
immunosorbent assay; DNPH, 2,4-dinitrophenyIhydrazine; PUFA, 
polyunsaturated fatty acid; LC-MS, liquid chromatography-mass spec¬ 
trometry; FTTC, fluorescein isothiocyanate; GST, glutathione S-trans- 
ferase; HPLC, high performance liquid chromatography; mAh, 
monoclonal antibody; PBS, phosphate-buffered saline: TBARS, 
2-thiobarbituric acid reactive substances. 
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could be formed from a myeloperoxidase (MPO)-catalyzed oxi¬ 
dation of threonine in vitro. 

An iron chelate, ferric nitrilotriacetate (Fe 3+ -NTA), is known 
to be a strong inducer of renal proximal tubular necrosis (12). It 
also induces a high incidence of renal adenocarcinoma in ro¬ 
dents after repeated intraperitoneal administration of Fe 3+ * 
NTA (12-14). Oxidative stress has been suggested to play a 
critical role in the Fe 3+ -NTA-induced acute nephrotoxicity (15), 
which finally leads to a high incidence of renal adenocarcinoma 
in rodents (16). In the present study, to verify the formation of 
acrolein-derived DNA adduct under oxidative stress in vivo, we 
raised a new type of monoclonal antibody that specifically 
recognizes an acrolein-derived DNA adduct and examined the 
formation of this adduct in the Fe 3+ -NTA-induced carcinogen¬ 
esis model. Furthermore, utilizing MPO knockout mice, we 
examined whether the MPO-catalyzed oxidation system was 
involved in the production of acrolein in this experimental 
animal carcinogenesis model. 

EXPERIMENTAL PROCEDURES 
Materials 

Calf thymus DNA, 2'-deoxyribonucleosides, acrolein, and bovine se¬ 
rum albumin (BSA) were obtained from Sigma-Aldrich. Polyunsatu¬ 
rated fatty acids (PUFAs), such as linoleate, arachidonate, linolenate, 
m-5,8,ll,14,17-eicosapentaenoic acid, cis-4,7,10,13,16,19-docosahexa- 
enoic acid, 2,4-diiutrophenylhydrazine (DNPH), and biotin-LC-hj'dra- 
zide were obtained from Wako Pure Chemicals Industries (Osaka, 
Japan). The 50-mer oligonucleoside <dA CCl , dG M , dT M , and dC w ) were 
obtained from Hokkaido System Science (Hokkaido, Japan). MPO from 
human sputum was purchased from Elastin Products Co., Inc. (Owens- 
ville, MO). Horseradish peroxidase-labeled goat anti-mouse IgG was 
obtained from ICN Pharmaceuticals, Inc. (Aurora, OH). An anti-8-oxo- 
2'-deoxvguanosine monoclonal antibody (mAbN45.1) was obtained from 
NOF Co. (Tokyo, Japan), A monoclonal antibody against acrolein-lysine 
adduct was raised as previously described (6, 10). 

Cell Culture 

RL34 cells were obtained from the Japanese Cancer Research Re 
sources Bank. The cell line, which is a nonmalignant epithelial cell, has 
boon histologically and biochemically shown to possess characteristics 
of well differentiated liver parenchymal cells. The cells were grown as 
monolayer cultures in Dulbecco's modified Eagle’s medium supple¬ 
mented with 5% he at-inactivated fetal bovine serum, penicillin (100 

units/ml), streptomycin {100 L-glutamine (588 and 

0,16% NaHCOg at 37 °C in an atmosphere of 95% air and 6% C0 2 . Cells 
postconfluency on glass coverslips was exposed to acrolein in Dulbeceo’s 
modified Eagle’s medium containing 5% fetal bovine serum. 

General Procedures 

NMR spectra were recorded using a Bruker AMX400 (400 MHz) 
instrument. Fluorescence spectra were recorded with a Hitachi F-2000 
spectrometer. Fast atom bombardment-mas a spectrometry was meas¬ 
ured with a JEOL JMS-700 (MStation) instrument. Liquid chromatog¬ 
raphy-mass spectrometry (LC-MS) was measured with a Jasco Plat¬ 
form II-LC instrument. 

Detection of Acrolein in Lipid Peroxidation and 
Myeloperoxidase-catalyzed Oxidation of Threonine 

Auto-oxidation of PUFAs was performed by incubating the emulsi¬ 
fied PUFAs liposome [20 mM) with Fe 2+ (10 ^.M) and ascorbate (1 mM) 
in 50 mM sodium phosphate buffer (pH 7.4). The oxidation of threonine 
was performed by incubating 200 jam L-threonine with 10 hm MPO, 200 
M'M H 2 0 2j and 150 tom NaCl in 1 ml of 50 mM sodium phosphate buffer 
(pH 7.4). Aidehydic molecules in the reaction mixtures (100 p.1) were 
derivatized with an equal volume of 0.1% 2,4-dinitrophenylhydrazine 
(DNPH) in 2 n HC1 at room temperature for 30 min. The DNPH 
derivatives were extracted with chloroform, evaporated, and dissolved 
in ethanol. Ten microliters of the aliquot was injected and analyzed on 
a Develosil ODS-MG-5 column (Nomura Chemicals, Aichi, Japan; 4.6 X 
250 mm) with a stepwise gradient with water/acetic acid (100/0.01, v/v) 
(solvent A) and acetonitrile (solvent B) (time = 0,60% B; 0-30 min, 70% 
B; 30—35 min, 100% B; 35—55 min, 100% B) at a flow rate of 0.8 ml/min. 
The elution profiles were monitored by absorbance at 370 nm. 


Reaction of 2'-Deoxynucleosides with Acrolein 

2’-Deoxynucleosides (2 mM) were incubated with, acrolein (10 mM) in 
0.1 M sodium phosphate buffer (pH 7.4) for 24 h. 

Identification of an Antigenic Acrolein-2'-Deoxyadenosine Adduct 

The reaction mixture (100 pi) of 2'-deoxyadenosine (2 mM) and acro¬ 
lein {10 mM) was injected and fractionated (every 1 min) with a reverse- 
phase HPLC using a Develosil ODS-HG-5 column (4.6 X 250 mm). The 
gradient (flow rate, 0.8 ml/min; solvent A = 5% aqueous acetonitrile 
containing 0.05% acetic acid; solvent B = acetonitrile containing 0.05% 
acetic acid) was as follows; 0-5 min, 100% A; 5-32 min, linear gradient 
to 60% B; 32-40 min, linear gradient to 100% B; 40-45 min, linear 
gradient to 100% A. The elution profiles were monitored by absorbance 
at 260 nm. The collected fractions were evaporated and dissolved in 
PBS, and the immunoreactivity with mAb21 was then examined by 
competitive enzyme-linked immunosorbent assay (ELISA). The major 
product in the immunoreactive fraction was isolated with a reverse- 
phase HPLC using a Develosil ODS-HG-5 column (20.0 X 250 mm) 
equilibrated in 1% acetonitrile containing 0.05% acetic acid at a flow 
rate of 6.0 ml/min. The chemical structure of the product was charac¬ 
terized by mass spectrometry, J H and 13 C NMR (in D 2 0 containing 
dioxane as an internal standard): 5H 2.08 (1H, m, H-8a)~ 2.18 (1H, m, 
H-8b), 2.42 (1H, m, H-2'a), 2.67 (1H, m, H-2'b), 3.61 (2H, m, H-5'), 3.97 
<1H, m, H-4’), 4.25 (1H, m, H-7a), 4.42 (1H, m ( H-7b), 4.46 (1H, m, H-3'), 
5.29 (IHj b, H-9), 6.34 (1H, t, J ~ 6.56 Hz, H-l'), 8.33 (2H, s, H-2 and 
H-5); SC 26.86 (C-8), 40.24 (C-2'), 44.46 (C-7), 62.53 (C-5'), 71.35 (C^9), 
72.03 (C-3'), 86.05 (C-l'), 88.77 (C-4'), 120.22 (C-lOb), 144.61 (C-2), 
147.95 (C-5, C-3a, and C-lOa); fast atom bombardment-mass spectrom¬ 
etry (+): 308 [M+H]% 192 [Mt-H-deoxyribose] + . 

Reaction of Calf Thymus DNA with. Aldehydes 

Calf thymus DNA (1 mg/ml) was mixed with aldehydes (10 mM) and 
incubated in phosphate buffer (pH 7.4) at 37 *C for 24 h. The reaction 
was stopped by ethanol precipitation, and the precipitated DNA was 
washed with cold 70% ethanol. The amount of the DNA was determined 
by measuring the fluorescence intensity (excitation, 415 nm; emission, 
505 nm) formed by the reaction of the 2'-deoxyribose moiety with 
3,5-diaminobenzoic acid. 

Preparation of a Monoclonal Antibody against 
Acrolein-modified DNA 

The acrolein-treated calf thymus DNA (0.5 mgfinl) was electrostati¬ 
cally complexed with an equal volume of methylated BSA (0.5 mg/ml) 
(17). The complex was emulsified with an equal volume of complete 
Freund’s adjuvant. Six-week-old female Balb/c mice were intraperito- 
neally immunized with this emulsion (100 pi). After 2 weeks, the mice 

were boosted with the acrolein-treated DNA/methylated BSA emulsi¬ 
fied with an equal volume of incomplete Freund’s adjuvant. In the final 
boo at, 100 jtl of acrolein-treated DNA/methylated BSA in PBS was 
intravenously injected. Three days after the final boost, the mouse was 
sacrificed, and the spleen was removed for fusion with P3AJ1 myeloma 
cells. The fusion was carried out by polyethylene glycol, and the cells 
were cultured in hypoxanthme/aminopterin/thyrnidine selection me¬ 
dium. After a week, culture supernatants of the hybridomas were 
screened by ELISA using acrolein-modified DNA and untreated DNA as 
the coating agents. The positive hybridomas were cloned by the limiting 
dilution method. After repeated screening and cloning, four specific 
clones were obtained. Among them, a clone (named mAb21) was used in 
the following experiment because of its specificity and great ability for 
cell growth. 

ELISA 

The indirect noncompetitive ELISA procedure has been previously 
described (.18). Briefly, 100 jxl of antigens in PBS were coated in wells 
and kept at 4 *C overnight. After washing and blocking with 4% Block 
Ace (Dainihon Seiyaku, Osaka, Japan), 100 jtl of the mAb21 (1:100 
dilution) in PBS containing 0.05% Tween 20 (TPBS) was then added, 
and the wells were incubated at 37 “C for 2 h. After washing, 100 of 
anti-mouse IgG goat antibody peroxidase labeled (1/5000 in TPBS) was 
added, and the wells weTe incubated at 37 °C for 1 h. After washing, 100 
pi of o-phenylenediamine solution (0.5 mg/ml containing 0.03% H 2 6 2 in 
citrate-phosphate buffer) was added. The color developing reaction was 
stopped by the addition of 50 pi of 2 N H 2 S0 4 . The binding of the 
antibody to the antigen was evaluated by measuring the absorbance at 
492 mn. 

Competitive indirect ELISA was performed for estimating the cross- 
reactivity of the low molecular weight compounds with the antibody. 
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The acrolein-modified calf thymus DNA (0.05 fig/well) was used as the 
coating antigen. For the competitive reaction, 50 p.1 of competitors in 
PBS was mixed with an equal volume of the antibody (1:100 dilution) in 
PBS containing 4% BSA. The competitor solution was kept at 4 °C 
overnight, and 90 jri of the mixture was used as the primary antibody. 
The cross-reactivity of the antibody to the competitors was expressed as 
BfB Q , where B is the amount of mAb21 bound to the coating antigen in 
the presence of the competitor, and B 0 is the amount in the absence of 
a competitor. 


Immurtocytochemical Detection of Acrolein Adducts 

Acrolein-2 ' -Deoxyadenosine Adduct —The cells were fixed overnight 
in PBS containing 2% paraformaldehyde and 0.2%- picric acid at 4 ®C. 
The membranes were permeabilized by exposing the fixed cells to PBS 
containing 0.3% Triton X-100. To eliminate the binding of the antibody 
to the BNA containing acrolein-adenosine adduct, coverslips were 
treated with 100 jtg/ml ribonuclease A (Qiagen) in TEN buffer (10 mM 
Tria-HCl, pH 7.4; 1 mM EDTA, pH 7.6; 400 mM NaCl) for 60 min at 
37 ^C. The coverslips were then washed once in PBS and incubated with 
10 jig/ml proteinase K (Wako) in 100 mM Tria-HCl, pH 7.5, and 10 mM 
EDTA for 10 min at room temperature. To provide maximal exposure of 
mAb21 to regions of DNA where acrolein-2’-deoxyadenosine lesions 
may exist, the DNA was denatured at room temperature with 2 m HC1 
for 5 min and then neutralized with 2,5 volumes of 1 M Tris-base. To 
prevent nonspecific antibody binding, the coverslips were washed two 
times in PBS and blocked for 1 h at room temperature with 5% BSA in 
TPBS. The cells were then incubated in primary antibody (mAb21) at 
4 °C overnight. The cells were then incubated for 1 h in the presence of 
fluorescein isothiocyanate (FITCMabeled anti-mouse IgG (Dako Japan 
Co., Ltd., Kyoto, Japan), rinsed with PBS ctmtaining0,3% Triton X-100, 
and mounted on glass slides using 50% glycerol in PBS. Images of 
cellular immunofluorescence were acquired using a Zeiss LSM5 
PASCAL confocal laser scanning microscope with a 40X objective 
(excitation, 488 nm; emission, 528 nm). The DNA was stained with 
propidium. iodide, while the damage wa9 eo-localized using a FITC- 
labeled secondary antibody. 

Acrolein-Lysine Adduct —The cells were fixed overnight in PBS con¬ 
taining 2% paraformaldehyde and 0.2% picric acid at 4 “C. The mem¬ 
branes were permeabilized by exposing the fixed cells to PBS containing 
0,3% Triton X-100. The cells were then sequentially incubated in PBS 
solutions containing blocking serum (5% normal goat serum) and im- 
munostained with anti-protein-bound acrolein mAb5F6 (10). The cells 
were then incubated for 1 h in the presence of FITC-labeled anti-mouse 
IgG (Dako Japan Co.), rinsed with PBS containing 0.3% Triton X-100 
and were mounted on glass slides using 50% glycerol in PBS. Images of 
cellular immunofluorescence were acquired using a Zeiss LSM5 
PASCAL confocal laser scanning microscope with a 40 x objective (ex¬ 
citation, 488 nm; emission, 518 nm). DNA was stained with propidium 
iodide, while the damage was co-localized using a FITC-labeled 
secondary antibody. 


A 



Li. 

a 


! 

3 



Fig. 1. Formation of acrolein during peroxidation of PUFAs. 

The auto-oxidation of PUFAs was performed by incubating the emulsi¬ 
fied PTJFAe liposome (20 mM) with Fe 2+ (10 hm) and ascorbate (1 mM) 
in 50 mM sodium phosphate buffer (pH 7.4). Aldehydic molecules in the 
reaction mixtures (100 pi) were derivatized with an equal volume of 
0.1% DNPH in 2 n HC1 at room temperature for 30 min. The DNPH 
derivatives were extracted with chloroform, evaporated, and dissolved 
in ethanol. Ten microliters of the aliquot was injected and analyzed on 
a Develosil ODS-MG-5 column (Nomura Chemicals. Aichi, Japan; 4.6 x 
250 mm) with a stepwise gradient with water/acetic acid ( 100/0,01, v/v) 
(solvent A) and acetonitrile (solvent B) (time = 0, 60% B; 0 -30 min, 70% 
B; 30-35 min, 100% B; 35-55 min, 100% B) at a flow rate of 0.8 ml/min. 
The elution profiles were monitored by absorbance at 370 nm. A, HPLC 
profiles of authentic acrolein ( chromatogram, a) and peroxidlzed arachi- 
donate (chromatogram b) B, time-dependent formation of acrolein dur¬ 
ing peroxidation of PUFAs. O, linolenate; •, arachidonate; A, linoleate; 
•I, cis-4,7,10,13,16,19-docosahexaenoic acid; A, cts-5,8,ll,14,17-eicosa- 
pentaeuoic acid. 


Animal Experiments 

Male Wistar rats (Shizuoka Laboratory Animal Center, Shizuoka) 
weighing 130-150 g (6 weeks old) and mice lacking MPO (MPO 
mice), the sixth-generation progeny of a backcross into C57BL/6J mice 
(B6 mice) originally generated by Aratani et at. (19), were used. The 
Fe 3+ -NTA solution was prepared immediately before use by the method 
described by Toyokuni et al. (15) with a slight modification. Briefly, 
ferric nitrate enneahydrate and the nitrilotriacetic acid disodium salt 
were each dissolved in deionized water to form 80 and 160 mM solutions, 
respectively. They were mixed at the volume ratio of 1:2 (molar ratio, 
1:4), and the pH was adjusted with sodium hydrogen carbonate to 7.4. 
The animals received a single intraperitgneal injection of Fe 3+ -NTA (15 
rag of iron/kg of body weight). They were sacrificed by decapitation at 0, 
24, and 48 h after the administration. Both kidneys of each animal were 
immediately removed. One of them was fixed in Bouin’a solution, em¬ 
bedded in paraffin, cut at 3-jim thickness, and used for immunohisto- 
chemical analyses by an avidin-biotin complex method with alkaline 
phosphatase. Briefly, after deparaffinization with xylene and ethanol, 
normal rabbit serum (Dako; diluted to 1:75) for the inhibition of the 
nonspecific binding of the secondary antibody, a primary antibody (0.5 
pgfml), biotin-labeled rabbit anti-mouse IgG serum (Vector Laborato¬ 
ries; diluted to 1:300), and avidin-biotin complex (Vector; diluted to 
1;1Q0) were sequentially used. The procedures using PBS or the IgG 
fraction (0.5 pg/ml) of normal mouse serum instead of mAb21 showed 
no or negligible positive responses. 


RESULTS 

Formation of Acrolein during Peroxidation of PUFAs —Based 
on the in vitro observations that the acrolein-lysine adduct 
(FDP-lysine) was detected in the oxidatively modified low den¬ 
sity lipoprotein with Cu 2+ , PUFAs were suggested to represent 
the potential sources of acrolein under oxidative stress (6, 10). 
To evaluate the effectiveness of lipid peroxidation as the origin 
of acrolein, we first examined the generation of acrolein during 
in vitro peroxidation of PUFAs, including linoleate, arachido¬ 
nate, linolenate, cis-5,8,11,14,17-eicosapentaenoic acid, and 
cts 4,7,10,13,16,19-docosahexaenoic acid, by a reversed-phase 
HPLC following derivatization with DNPH. As shown in Fig. 
1A, the HPLC analysis of the authentic acrolein showed that 
the DNPH derivative of acrolein was eluted at 32 min ( chro¬ 
matogram a). The same peak indicated by the arrow was de¬ 
tected in the UV chromatogram obtained from the HPLC anal¬ 
ysis of the peroxidized arachidonate with Fe 21 /ascorbate 
(chromatogram b ). Formation of acrolein was also confirmed by 
LC-MS analysis following derivatization with biotin-LC-hydra- 
zide (Fig. SI). A time course analysis of acrolein generation in 
the metal-catalyzed peroxidation of PUFAs revealed that sig¬ 
nificant amounts of acrolein were generated during peroxida- 
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Fig. 2. Specificity of mAb21. A, immunoreactivity of mAb21 to 
native iO) and acrolein-modified DNA (•). Affinity of mAb21 was de¬ 
termined by a direct ELISA using acrolein treated DNA as the absorbed 
antigen. A coating antigen was prepared by incubating calf thymus 
DNA (1 mg/ml) with 10 com acrolein in phosphate buffer (pH 7.4) at 
37 *C for 24 h. B, time-dependent formation of immunoreactive mate¬ 
rials in DNA upon incubation with acrolein. C, immunoreactivity of 
mAb21 to the aldehyde-treated DNA. A coating antigen was prepared 
by incubating calf thymus DNA (1 mg/ml) with 10 mM aldehyde in 
phosphate buffer (pH 7.4) at 37 “C for 24 h. CRA, crotonaldehyde; HNE, 
4-hydroxy-2-nonenal; MDA, malondialdehyde. D, competitive ELISA 
analysis with the reaction mixtures of 2'-deoxynucleo9ides and acrolein. 
The competitors were prepared by incubating 2 mM 2'-deoxynucleosides 
with 10 mM acrolein in 0.1 m sodium phosphate buffer (pH 7.4) for 72 h. 
O, acrolein/2-deoxythymidine; •, acrulein/2'-deoxyadenosine. A, acro- 
lein/2'-deoxycytidine; ▲, acrolein/2'-deoxyguanosine. 


tion (Fig. 1B), suggesting that lipid peroxidation could repre¬ 
sent the major source of acrolein under oxidative stress. 

Preparation of a Monoclonal Antibody against Acrolein-mod¬ 
ified DNA —It has been suggested that acrolein modification of 
DNA may contribute to so-called spontaneous mutagenesis, 
thereby playing a role in aging and cancer. Hence, to examine 
whether acrolein endogenously generated under oxidative 
stress is involved in the formation of acrolein-DNA adduct, we 
attempted to detect the acrolein-modified DNA by an immuno¬ 
chemical procedure. To raise a monoclonal antibody specific to 
acrolein-modified DNA, mice were immunized with the acro¬ 
lein-modified calf thymus DNA, and after the fusion, the hy- 
bridomas were selected by the reactivities of the culture super¬ 
natant to the immunogen. We finally obtained one clone (clone 
No. 21), which exhibited the most distinctive recognition of the 
acrolein-modified DNA over native DNA (Fig. 2A). As shown in 
Fig. 2B, incubation of calf thymus DNA (1 mg/ml) with 10 mM 
acrolein resulted in a time-dependent increase in immunoreac- 
tivity with the monoclonal antibody 21 (mAb21). Despite ex¬ 
tensive screening of hybridomas, which produce monoclonal 
antibodies specific to the acrolein-modified DNA, it is still 
conceivable that the antibody recognizes epitopes originating 
from other reactive aldehydes. Hence, we examined the immu¬ 
noreactivity of the antibody to aldehyde-treated DNA by a 
direct ELISA and found that among the aldehydes tested, 
acrolein was the only source of immunoreactive structures 
generated in the DNA (Fig, 2C). It is notable that the antibody 
scarcely reacted with the DNA treated with an acrolein ana¬ 
logue, crotonaldehyde. In addition, the binding of the acrolein- 
modified DNA to mAb21 was scarcely inhibited by the reaction 
mixtures of acrolein/2'-deaxyguanosine, acrolein/2'-deoxythy- 
midine, and acrolein/2'-deoxycytidine but was most signifi- 



Retention time (min) 

B C 




Fio. 3. Identification of an antigenic acroiem-2'-deoxyade- 
nosine adduct. A, competitive ELISA analysis of HPLC fractions for 
immunoreactivity with mAb21. The reaction was performed by incu¬ 
bating 2 mM 2 -deoxyadenosine with 10 mM acrolein in 0.1 M sodium 
phosphate buffer (pH 7.4) for 24 h. Upper panel , HPLC profile of UV 
absorbance at 240 am. Lower panel , competitive ELISA analysis. At/, 
arbitrary units. B , chemical structure of lAl 6 -propano-2'-deoxyade- 
nosino. C, competitive ELISA analysis with 2'.deoxyadenosine (O) and 
lA^-propano-^’-deoxyadenosine (•). 

cantly inhibited by the reaction mixture of acrolein/2'-deoxya- 
denosine (Fig. 2D). In addition, to attest the selectivity 
observed for free acrolein-nucleoside adducts is identical with 
the situation in double-stranded DNA, we examined the immu¬ 
noreactivity of the acrolein-modified oligonudeoside 50-mers 
(dA s() , dG 50 , and dC 50 ) by a direct ELISA and found that the 
antibody reacted only with the acrolein-modified dA 50 (Fig. S2). 
These data strongly suggest that mAb21 selectively recognizes 
an acrolein-2'-deoxyadenosiue adduct as the major epitope. 

Identification of an Antigenic Acrolein-2'-Deoxyadenosine 
Adduct —To identify an acrolein-2’-deoxy adenosine adduct rec¬ 
ognized by mAb21, the immunoreactivity with the reaction 
products of acrolein with 2’-deoxyadenosine was characterized. 
As shown in Fig. 3 A, the ELISA analysis of the HPLC fractions 
for immunoreactivity with mAb21 showed that the antibody- 
had immunoreactivity with only one fraction (product a) eluted 
at 4 min. The structure of the antigenic product a was charac¬ 
terized by LC-MS, UV, and ! H and 1S C NMR. The LC-MS 
analysis of the product showed a pseudomolecular ion peak at 
miz 308 (M+H) + , suggesting that it was composed of one mol¬ 
ecule of 2'-deoxyadenosine and one molecule of acrolein. Fi¬ 
nally, the ’H and 19 C NMR data (see “Experimental Proce¬ 
dures”) determined the antigenic adduct to be 1 ,.V' propano-2’- 
deoxyadenosine (Fig. 3R), which was previously identified as 
the major acrolein-2'-deoxy adenosine adduct by Smith et al. 
(20). The isolated ldV <3 -propano-2'-deoxyadenosine inhibited 
the antibody binding to the coated antigen in a dose-dependent 
manner (Fig. 3C). The reaction of acrolein with other 2-de- 
oxynucleosides such as 2'-deoxycytidine and 2’-deoxy- 
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guanosine also gave similar propano-type adducts as the major 
products, but they scarcely inhibited the binding of the acro¬ 
lein-modified DNA to mAb21 (Fig. S3). These data suggest that 
the acrolein-2'-deoxyadenosine adduct (l,A 76 -propano-2'-de- 
oxyadenosine) is an intrinsic epitope of mAb21. 

Formation of Acrolein-2'-Deoxycidenosine Adduct in Rat 
Liver Epithelial RL34 Cells Exposed to Acrolein —It is known 
that acrolein is extremely toxic to living cells (4). As shown in 
Fig. 4A, the treatment of rat liver epithelial RL34 cells with 
acrolein resulted in dose- and time-dependent decreases in 
MTT reduction levels. Essentially all of the cells were detached 
from culture dishes within 8 h at a dose of 50 p.M acrolein (data 
not shown). The acrolein-mediated cell death was accompanied 
by marked changes in cellular morphology, most notably the 
swelling of the cells, which changes were evident in phase 
contrast microscopy. It was anticipated that the cytotoxicity of 
acrolein was due to its facile reactivity toward cellular macro¬ 
molecules, including protein and DNA. To examine the corre¬ 
lation between cytotoxicity and the generation of these 
acrolein-derived adducts, we tested whether the acrolein-2'- 
deoxyadenosine adduct was formed in cultured cells in vitro. As 
shown in Fig, 48, when the cells were exposed to acrolein (50 
pm) for 1 h, immunoreactivity with mAb21 was mainly ob¬ 
served in the nuclei. In addition, we also observed that acrolein 
generated the epitopes recognized by an antibody (mAb5F6) 
raised against acrolein-modified protein (Fig. 40. Thus, the 
acrolein modification of the protein and DNA seems to be 
closely associated with the cytotoxicity of acrolein. Meanwhile, 
we have also observed that, acrolein induces depletion of gluta¬ 
thione and activation of mitogen-activated protein kinases, 
such as c-Jun N-terminal kinases and p38, in RL34 cells. 2 
These cellular events might be associated with apoptotic cell 
death. Indeed, Li et al. (21) have reported that acrolein, at 
lower doses, significantly induces apoptosis of human alveolar 
macrophages. These observations suggest that there may be an 
alternative mechanism of acrolein-induced cell death, inde¬ 
pendent of modification of protein and DNA. 

Formation of Acrolein-2'-Deoxyadenosine Adduct in the Re¬ 
nal Proximal Tubules of Rats Exposed to Fe 3 ' 1 -NTA —The for¬ 
mation of acrolein derived epitopes in vivo was immunohisto- 
chemically assessed in a rat renal carcinogenesis model with 
Fe 3i ~-NTA. The monoclonal antibodies against the acrolein- 
lysine adduct (mAb5F<5) and 8-oxo-2'-deoxyguanosine 
(mAbN45.1) were also used for comparison. It has been shown 
that iron overload using Fe a+ -NTA induces acute renal proxi¬ 
mal tubular necrosis, a consequence of oxidative tissue dam¬ 
age, that eventually leads to a high incidence of renal adeno¬ 
carcinoma in rodents (13,14). The kidneys were excised at the 
time of sacrifice and then fixed with Bouin’s fixative. The 
hematoxylin and eosin-stained sections of the paraffin- 
embedded tissues were analyzed for histological damage. The 
morphological changes in the kidneys of rats treated with Fe 3 + - 
NTA versus time are very similar to previous reports on ddY 
mice (15, 22). As shown in Fig. 5A, untreated control animals 
showed weak immunoreactivity in all of the proximal tubules. 
One hour after the administration of Fe 3+ -NTA (15 mg of 
iron/kg of body weight), nuclear stainings were found in some of 
the renal proximal tubular cells in a patchy distribution. In¬ 
tense immunoreactivities were also observed at 3 and 24 h. 
Notably, the proximal tubular cells at higher magnification 
revealed the localization of the acrolein-DNA adduct in the 
nuclei of degenerating cells (Fig. 5 B), suggesting that the for¬ 
mation of acrolein and its DNA adduct may be responsible for 
the cellular damage. Preabsorption of the antibodies with the 


2 V. Kawai, S. Hachisuka, and K. Uchida, unpublished observation. 


A 





Fig. 4. Formation of acrolein-2'-deoxy adenosine adduct in rat 
liver epithelial RL34 cells exposed to acrolein.. A , viability of rat 
liver epithelial RL34 cells exposed to acrolein. Doae-dependent reduc¬ 
tion of cell viability induced by 5 /am (□), 10 /am (•), 25 /iM <•), and 50 
fiM (O) of acrolein. The cell viability was measured by the MTT assay. 
The data are expressed as the percentages of control culture conditions. 
B, immunocytochemical detection of acrolein-2 '-deoxy adenosine adduct- 
in RL34 cells exposed to acrolein, The cells were incubated with 60 /am 
acrolein for 1 h at 37 °C. Panels a-c, control; panels dr-f, acrolein-treated 
cells. Propidium iodide (PI) (DNA, red) is shown in panels a and d, FITC 
(acrolein-2'-deoxyadenosine, green) is shown in panels b and e, and the 
corresponding combined (superimposed) images are shown in panels c 
and f {yellow represents co-localization). C, immunocytochemical detec¬ 
tion of acrolein-lysine adduct in RL34 cells exposed to acrolein. The cells 
were incubated with 100 /am acrolein for 1 h at 37 “C, Panels a-c, 
control; panels d-f, acrolein-treated cells, Propidium iodide (DNA, red) 
is shown in panels a and d , FITC (acrolein-lyaine > green) is Bhown in 
panels b and e, and the corresponding combined (superimposed) images 
are shown in panels c and f {yellow represents co-localization). 


acrolein-modified DNA completely abolished the immunostain- 
ings (data not shown), indicating the specific reactivity of these 
antibodies with their epitopes. 
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Pto. 5. Formation of acroloin-2'-deoxyadenosine adduct in the 
renal proximal tubules of rats exposed to Fe 3+ -NTA. A, time-de¬ 
pendent formation of acroLein-2'-deoxyadenosine adduct (X200). B, 
higher magnification of the proximal tubules of rats exposed to Fe 3+ - 
NTA for 3 h (X400). 

The pattern of distribution of the acrolein-2'-deoxyadenosine 
adduct was compared with those of the acrolein-lysine adduct 
and 8-oxo-2'-deoxyguanosine. As shown in Pig. 6, the acrolein- 
lysine immunoreaetivities also appeared in some of the renal 
proximal tubular cells 1 h after the administration of Fe 3+ - 
NTA, whereas their patterns of distribution appeared to be 
significantly different. In contrast to the nuclear staining with 
mAb21, the acrolein-lysine adduct immunoreactive with 
mAb5F6 was mainly detected in the cytoplasm. This pattern of 
distribution in the rat kidney was consistent with that of the 
distribution of other lipid peroxidation products and their con¬ 
jugates with cytosolic proteins (15, 23, 24). In addition, these 
and the observation that the acrolein-derived adducts co-local- 
ized with 8-oxo-2'-deoxyguanosine, a marker of oxidative 
stress, strongly suggest that acrolein was generated under 
oxidative stress. 

MPO-catalyzed Oxidation of Threonine as an Alternative 
Source of Acrolein —On the other hand, it has been demon¬ 
strated that acrolein is also generated from the MPO-catalyzed 
oxidation of an amino acid (threonine) in vitro (11). In addition, 
MPO appeared to catalyze lipid peroxidation (25). These and 
the observations that neutrophil and macrophage infiltration is 
present in the kidney of Fe 3+ -NTA-treated rats 3 suggest that 


3 S. Toyokuni, unpublished observation. 
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Fig. 6. Distribution of acrolein~lysine, acrolein-2-deoxyade- 
nosine, and 8-oxo-2'-deoxy guano sine in the kidneys of rats ex¬ 
posed to Fe a+ -NTA. The formation of acrolein-2'-deoxyadenosina 
(acro!ein-dA) (top panel), acrolein-lysine (middle panel), and 8-oxo-2’- 
deoxyguanoeine (8-Oxo-dG) 1 bottom panel) immunoreactive with 
mAb21, mAbSFb, and mAbN45.1, respectively, was immunohisto- 
chemically assessed in a rat renal carcinogenesis model with Fe^-MTA 
(serial sections, X200). The immunoreaetivities appeared in some of the 
renal proximal tubular cells 3 h after the administration of 15 mg of 
iron/kg of body weight of Fe 3+ -NTA. The immunoreactivites with 
mAb5P6 were mainly detected in the cytoplasm, whereas the imnmno- 
reactivities with mAb21 and mAbN45.1 were mainly detected in 
the nuclei. 

MPO might play a potential role in the generation of acrolein in 
this iron-induced carcinogenesis model. Consistent with the 
previous findings, acrolein was detected in the MPO-catalyzed 
oxidation of threonine as the major product (Fig. 7A). A maxi¬ 
mal generation of acrolein was observed at 6 h followed by a 
gradual decline to 24 h was observed in the MP0-H 2 0 2 -C1" 
system. This transient accumulation of acrolein in the MPO- 
catalyzed threonine oxidation system was attested to be due to 
the secondary reaction of the primary product (acrolein) to the 
substrate (threonine) present in the reaction mixture (data not 
shown). These data supported the previous findings that MPO- 
catalyzed threonine oxidation could be a potential source of 
acrolein in vivo. To investigate whether MPO is involved in the 
generation of acrolein in the Fe 31 -NTA-mduced carcinogenesis 
model, the MPO-deficient mice were exposed to Fe 3+ -NTA, and 
the formation of the acrolein-derived DNA adduct was immu- 
nohistochemically examined. The Fe 3 ' -NTA potently induced 
lipid peroxidation monitored by 2-thiobarbituric acid reactive 
substances i TEARS) formation in the kidneys of MPO deficient 
mice (Fig. 8A). The amount of TBARS reached the peak at 1 h 
after administration of Fe 3+ -NTA (5 mg Fe/kg) and gradually 
decreased thereafter. As shown in Fig. &B, the acrolein-2'- 
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Fig. 7. Formation of acrolein during myeloperoxidase-cata¬ 
lyzed oxidation of threonine. The oxidation of threonine was per¬ 
formed by incubating 200 p.M L-threonine with 10 nM MPO, 200 pM 
H z 0 2 , and 150 mu NaCl in 1 ml of 50 mu sodium phosphate buffer (pH 
7.4). Aldehydic molecules in the reaction mixtures (100 jxl) were deri- 
vatized with an equal volume of 0.1% DNPH in 2 .v HC1 at room 
temperature for 30 min. The DNPH derivatives were extracted with 
chloroform, evaporated, and dissolved in ethanol. Ten microliters of the 
aliquot was injected and analyzed on a Develosil ODS-MG-5 column 
(Nomura Chemicals, Aiehi, Japan; 4.6 X 250 mm) with a stepwise 
gradient with water/acetic acid (100/0.01, v/v) (solvent A) and acetoni¬ 
trile (solvent B> (time - 0, 60% B; 0-30 min, 70% B; 30 -35 min, 100% 
B; 35-55 min, 100% B) at a flow rate of 0.8 oal/min. The elution profiles 
were monitored by absorbance at 370 nm. A, HPLC profiles of authentic 
acrolein (lower panel) and oxidized threonine (upper panel). R, time-de¬ 
pendent formation of acrolein during the myeloperoxidase-catalyzed 
oxidation of threonine. 
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Fio. 8. Formation of acrolein-derived adducts in the renal 
proximal tubules of MPO-defieient mice exposed to Fe 8+ -NTA- A, 
time-dependent formation TBAES in the kidney of MPO-defieient mice 
exposed to Fe 3+ -NTA. B, formation of acroleia-2’-deoxyadenosine ad¬ 
duct in the kidney of MPO-defieient mice exposed to Fe s ' |p -NTA for 1 h. 
Formation of acrolein-lysine and acrolein-2'-deoxyadenosme (acrolein- 
dA) immunoreactive with mAb5F6 and tnAb21, respectively, was im- 
munohistochemically examined (X200). 


deoxyadenosine immunoreactivities appeared in the kidneys of 
MPO-defieient mice exposed to Fe^-NTA. These data provide 
direct evidence that MPO is not essential for the generation of 
acrolein, at least, in this experimental model of carcinogenesis. 

DISCUSSION 

The previous observations that the metal-catalyzed oxida¬ 
tion of low density lipoprotein is associated with the formation 
of the apo B-bound acrolein suggested that substantial 
amounts of acrolein might be generated during the peroxida¬ 
tion of polyunsaturated fatty acids (6). In the present study, we 
also observed that the peroxidation of polyunsaturated fatty 
acids with an iron/ascorbate-mediated free radical-generating 
system produces multiple products that react with DNPH, as 
monitored by reverse-phase HPLC, and one of the products 
co-migrates with the DNPH derivative of authentic acrolein 
(Fig. 1). These data strongly suggest that the peroxidation of 
polyunsaturated fatty acids represents a potential endogenous 
pathway for the production of acrolein. Although the mecha¬ 
nism for the formation of acrolein during lipid peroxidation has 
not yet been experimentally resolved, it is not unlikely that 
acrolein represents a major causal factor that contributes to 
the development of tissue damage under oxidative stress- 

Among all of the a, /3-unsaturated aldehydes, acrolein exhib¬ 
its the greatest reactivity with nucleophiles, such as proteins 
(5). Upon reaction with protein, acrolein selectively reacts with 
the side chains of the cysteine, histidine, and lysine residues. 


Of these, lysine generates the most stable product. The j3-sub- 
stituted propanals and Schiffs base cross-links had been sug¬ 
gested as the predominant adduct; however, the major adduct 
formed upon the reaction of acrolein with protein was identified 
as a novel lysine product, FDP-lysine, which requires the at¬ 
tachment of two acrolein molecules to one lysine side chain (6). 
In addition, we have recently shown that the FDP-lysine ad¬ 
duct generated in the acrolein-modified protein represents a 
thiol-reactive electrophile (26). The formation of a similar FDP- 
type adduct (dimethyl-FDP-lysine) has been reported in the 
lysine modification with the acrolein analogue, crotonaldehyde 
(23). In our previous study, we obtained a murine monoclonal 
antibody, mAb5F6, that clearly distinguished the acrolein- 
modified BSA and oxidized low density lipoprotein from native 
BSA and low density lipoprotein and showed that it recognized 
the acrolein-lysine adduct (FDP-lysine) as the major epitope 
(6). Using this antibody, it was clearly demonstrated that ath¬ 
erosclerotic lesions contained antigenic materials in the gran¬ 
ular cytoplasmic elements of foam cells and the thickening 
neointima of arterial walls (6). In addition, the presence of 
antigenic materials has also been observed in the nigral neu¬ 
rons of patients with Parkinson’s disease (27), in which oxida¬ 
tive stress and mitochondrial respiratory failure with a result¬ 
ant energy crisis have been implicated as two major 
contributors to nigral neuronal death. 

It has been shown that upon reaction with DNA, acrolein 
primarily reacts with 2-deoxygtianosine and forms the l^V 2 - 
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propano-2'-deoxyguanosine adduct (28-30). In later studies, 
the l r A/ 2 -propano-2'-deox>guanosine adduct wag detected in 
the DNA extracted from rat and human liver (31-33) and from 
lymphocyte DNA in patients undergoing treatment with cyclo¬ 
phosphamide, a precursor of acrolein (34, 35), It is striking to 
note that the acrolein-derived 2'-deoxyguanosine adducts are 
mutagenic in vitro and in vivo (36, 37). This may be correlated 
to our previous findings that the acrolein adduct (FDP-lysine) 
was markedly generated in the livers of rats exposed to the 
carcinogenic chemicals, such as butylated hydroxyanisole, 
4-dimethylaininoazobenzene, and 2-acetylaminofluorene (38). 
In addition, we confirmed the potency of acrolein to promote 
the transformation of benzolalpyrene-treated C3H/10T1/2 cells 
in vitro (38). These observations raised the possibility that 
acrolein generation under oxidative stress could be closely as¬ 
sociated with carcinogenesis. Furthermore, the causality of 
acrolein in the Fe 3 ‘ -NTA-induced oxidative tissue damage may 
also be suggested by our previous observation that the Fe 3+ - 
NTA exposure to rats dramatically induced gene expression of 
GST PI suburut in the proximal tubular cells (39). Berhane et 
aL (40) have shown that GST PI is highly active in catalyzing 
the reactions with a./i unsaturatcd aldehydes, particularly 
with acrolein. In addition, these authors have shown that the 
GST PI isozyme introduced in the cells by electroporation 
increase their resistance to acrolein. Thus, it can be hypothe¬ 
sized that the induction of GST PI in the proximal tubular 
cells, the target organs of Fe 3 *-NTA, may represent the cellu¬ 
lar response to the formation of acrolein and its DNA adduct. 

To verify the formation of acrolein and to investigate the 
potential role of acrolein modification of DNA in vivo, an ex¬ 
perimental model of iron overload using Fe 3+ -NTA was uti¬ 
lized. This iron chelate was originally used for an experimental 
model Df iron overload (41). Later, repeated injections of Fe 3i ~- 
NTA were reported to induce acute and subacute renal proxi¬ 
mal tubular necrosis and a subsequent high incidence (60- 
92%) of renal adenocarcinoma in male rats and mice (13,14). A 
single injection of Fe 3+ -NTA causes a number of time-depend¬ 
ent morphological alterations in the structure and the function 
of the renal proximal tubular cells and their mitochondria. 
During the early stage of the injury, typical cellular changes 
are the loss of brush border, cytoplasmic vesicles, mitochon¬ 
drial disorganization, and dense cytoplasmic deposits in the 
proximal tubular cells, Most of the damaged epithelia show the 
typical appearance of necrotic cells, and more than half of the 
proximal tubular cells are removed. It has been suggested that 
oxidative stress is one of the basic mechanisms of Fe 3+ -NTA- 
induced acute renal injury and is closely associated with renal 
carcinogenesis (16). To detect the acrolein-derived DNA ad¬ 
ducts in this carcinogenesis model, an immunochemical ap¬ 
proach has been taken in this study. Immunologic detection is 
a powerful tool that can be used to evaluate the presence of a 
desired target and its subcellular localization. A major advan¬ 
tage of this technique over biochemical approaches is the eval¬ 
uation of small numbers of cells or archival tissues that may 
otherwise not be subject to analysis. We successfully raised a 
murine monoclonal antibody, mAb21, that clearly distin¬ 
guished the acrolein-modified DNA from the native DNA. This 
antibody appeared to be highly specific for the acrolein-modi¬ 
fied DNA and did not cross-react with other aldehyde-modified 
DNA (Fig. 2). In addition, we identified the 1 .A*’ -pr opano-2 ’ - 
deoxyadenosine as the major epitope of mAb21 (Fig. 3). Using 
this antibody, we demonstrated the formation of the acrolein- 
2'-deoxyadenosine adduct in rat liver epithelial RL34 cells 
exposed to acrolein (Fig. 4). Furthermore, the in vivo study 
demonstrated that the Fe 3+ -NTA treatment resulted in a sig¬ 
nificant accumulation of the acrolein adduct in the nuclei of the 
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proximal tubular cells, the target cells of this carcinogenesis 
model (Fig. 5). The same cells were also stained with an alter¬ 
native mAb5F6 that recognizes an acrolein-lysine adduct 
(FDP-lysine), by which cytosolic accumulation of acrolein-mod¬ 
ified proteins appeared (Fig. 6). As far as we know, this is the 
first report that immunohistochemically proved the in vivo 
formation of acrolein-derived DNA adducts in the target organ 
of the carcinogenic protocol. 

On the other hand, it has been suggested that MPO in the 
presence of H 2 0 2 and Cl - is an alternative source of acrolein in 
vivo (11). MPO is an enzyme found mainly in neutrophils and 
to a lesser degree in monocytes (42). In chemoattractant-acti¬ 
vated neutrophils, MPO transforms H 2 0 2 generated during the 
oxidative burst into highly cytotoxic hypochlorous acid (HOC1) 
in the presence of chloride ions (43). This MP0-H 2 0 2 -CU sys¬ 
tem appears to function in the killing of microbes by neutro¬ 
phils (19, 44). It may also be involved in their cytotoxicity 
against tumor cells (45, 46) and in the tissue damage at sites of 
inflammation where neutrophils can release both MPO and 
H 2 0, (47-50). It has been proposed that the pathway for aero 
lein synthesis involves the initial chlorination of the o-amino 
group of threonine by HOC1 (11). In the absence of the enzy¬ 
matic system, HOC1 alone could convert threonine into acro¬ 
lein, strongly implicating HOC1 in the MPO-H a 0 2 -Cl~ system 
(II). We have also examined the generation of acrolein in the 
threonine oxidation and observed that, in contrast to the per¬ 
oxidation of polyunsaturated fatty acids, the MP0-H 2 0 2 -C1“ 
system transiently generated acrolein, which was proven to be 
due to the secondary reaction of the product (acrolein) with the 
catalyst (MPO) and/or the substrate (threonine) present in the 
reaction mixture (Fig. 7). Thus, although nonenzymatic lipid 
peroxidation and MPO-catalyzed threonine oxidation showed 
considerably distinct profiles in kinetics, these data supported 
the previous findings that both systems could be potential 
origins of acrolein in vivo. To investigate whether MPO is 
involved in the generation of acrolein in the Fe a+ -NTA-induced 
carcinogenesis model, the MPO-deficient mice were exposed to 
Fe 3+ -NTA, and the formation of acrolein-derived DNA adducts 
was mmmnobis to chemically examined. Fe 3_ -NTA induced 
lipid peroxidation monitored by TBARS formation in the kid¬ 
neys of MPO-deficient mice (Fig. 8A). The amount of TBARS 
reached the peak at 1 h after the administration of Fe^-NTA 
and gradually decreased thereafter. In parallel with the 
TBARS formation, the acrolein-2’-deoxyadenosine adducts 
were significantly accumulated in the kidneys of MPO-deficient 
mice exposed to Fe 3+ NTA for 1 h (Fig. 85). These data provide 
direct evidence that MPO is not essential for the generation of 
acrolein, at least in this experimental model of renal 
carcinogenesis. 

In summary, to verify the acrolein generation under oxida¬ 
tive stress in vivo, we raised a new type of monoclonal antibody 
(mAb21) against the acrolein-modified DNA and found that the 
antibody most significant!}' recognized the l/7 6 -propano-2'- 
deoxyadenosine adduct. The formation of this adduct was at¬ 
tested to in rat liver epithelial RL34 cells exposed to acrolein 
and in rats exposed to Fe s+ -NTA, a carcinogenic iron chelate 
that specifically induces oxidative stress in the kidney of ro¬ 
dents. These data suggest that the formation of a carcinogenic 
aldehyde during lipid peroxidation may be causally involved in 
the pathophysiological effects associated with oxidative stress. 
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